By analysing the carrier dynamics based on the rate equations and the change of the refractive index due to the efficient carrier capture, we have calculated the carrier capture process in the InAs/GaAs system detected by a simple degenerate pump-probe technique. The calculated results are found to be in good agreement with the experimental findings. Our results indicate that this simple technique, with the clear advantage of being easy to carry out, can be very useful in studying the carrier dynamics for some specific structures such as InAs ultrathin layers embedded in a GaAs matrix described here.
fairly consistent with the experimental data, showing the validity of our simple experimental method.
The samples in the experiments were grown on (001) GaAs substrates by molecular-beam epitaxy. A 0.5 µm GaAs buffer layer was deposited first at 580
• C, followed by a single InAs layer with different thickness grown at 450
• C. Then a 20 nm GaAs cap was grown on the top at the same substrate temperature. A degenerate pump-probe technique operating in a reflectance geometry was performed with a mode-locked Ti:sapphire laser. The intensity ratio between pump and probe beams is approximately 10:1, and the two beams are orthogonally polarized in order to minimize the contribution from the coherent artifact. The initial photoinjected carrier density is estimated to be around 1 × 10 17 cm 3 . The probe (pump) energy in our experiments was chosen to be 1.55 eV, which is much higher than the exciton energy levels of the InAs/GaAs samples. The details of our experiments can be found elsewhere [11] . Figure 1 shows two typical transient differential reflectances for two different samples: one is 1 ML InAs/GaAs and another is a bulk GaAs reference sample. The samples were excited at 1.550 eV, i.e. 40 meV above the band-edge of GaAs at 77 K. As expected, the transient reflectance for the GaAs reference sample increases and then drops very fast, corresponding to the build-up of photogenerated carriers and the subsequent fast thermalization and recombination [12] . However, for the InAs/GaAs sample, an additional rise in the reflectance was observed following the similar initial peak. The second peak has been attributed to the efficient carrier capture from the GaAs barriers into the InAs layer [11] . By fitting the rising process with an exponential function, the time constant of 6.3 ps was obtained. In order to well understand the experimental results, we have developed rate equations to model the carrier dynamics in the InAs/GaAs structure. The processes involved in the model are indicated in figure 2, and can be described by the following set of differential equations:
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where n p , n 1 are the carrier (electron) populations at the pump energy position and at the edge of the conduction band of GaAs, respectively. n I nAs is the electron population in the InAs layer. G(t) is the generation rate for a Gaussian laser pulse with width about 80 fs. τ r1 and τ r2 are the electron decay times in the GaAs barrier and InAs layer, and τ C the electron capture time from GaAs into InAs layer. We neglect the hole population process in the system (denoted as a dotted arrow in figure 2 ) due to the fast hole capture process from GaAs into InAs layer, as it will not appear in the time dependence of the optical parameters to be studied. It is worth noting that the photoexcited carriers are created primarily in the GaAs matrix surrounding the thin InAs layer. The InAs layer may have ground as well as excited states, and the dynamics of carrier in InAs/GaAs system following the photoexcitation is expected to be complicated [9, 13, 14] . Here, however, we are mainly concerned with the change of the total carrier density and the sequential changes in the absorption and refractive index far above the bandgap of InAs layer; the role of excited states versus ground states is not relevant in the discussion. 
(a) Figure 3 . Temporal evolution of the carrier density at (a) the pump (probe) energy, n p (t), (b) the bottom of the conduction band of GaAs, n 1 (t), and (c) the conduction band of InAs, n I nAs (t), respectively. Figure 3 shows the calculated temporal evolution of the carrier density at (a) the pump (probe) energy, (b) the bottom of the conduction band of GaAs and (c) the bandgap of InAs, respectively. In the calculation the following parameters were used: the initial excitation carrier density is 1.0 × 10 17 cm −3 , the relaxation time of photogenerated carriers in GaAs 2 ps, the decay time 1 ns in GaAs and the decay time 250 ps for the 1 ML InAs/GaAs (measured by time-resolved PL). The carrier capture time of the InAs layer from the GaAs barrier is taken as an adjustable parameter, being τ C = 7 ps in our calculation. From figure 3 one can see that with almost no delay, the absorption of the pump pulse in GaAs places carriers high in the conduction band, where they then rapidly relax down in a time scale typically of 1-2 ps. This leads to a rapid increase of the carrier density in the bottom of the conduction band. The carrier density then decays away due to the efficient capture of the InAs layer, as well as the recombination in GaAs. The efficient capturing process in the InAs layer is evidenced by the increase of the carrier density in InAs layer ( figure 3(c) ). From the calculation, it is also found that the carrier density in the thin InAs layer can be enhanced due to the efficient carrier capturing. The maximum carrier density reaches ∼1.3 × 10 18 cm −3 as shown in figure 3 (c), much higher than the initial injection carrier density of 1 × 10 17 cm −3 . This is very important for understanding the significant change of the refractive index far above the bandgap of the InAs layer. It is also noted that the above carry density is several orders of magnitude larger than the quantum dot density in the case of InAs QDs. However, considering that the whole InAs layer is usually composed of a 2D wetting layer and conelike InAs islands, such a high carrier density can indeed be achieved. It is known that in the pump-probe measurement, the photo-generated carriers induce nonlinear absorption variations through the mechanisms of bandfilling, bandgap renormalization and free carrier absorption [15] . Any change in the absorption coefficient α is accompanied by a change in the refractive index η, which then depends on the probe energy as well as the photo-generated carrier density. For the photo-generated carrier densities typically used for reflectivity measurements ( 10 18 cm −3 ), the electron bandfilling dominates the non-linear refractive index changes at the photon energies higher than the bandgap. The change of the refractive index at the probe energy E p can be expressed using the KramersKronig relations [15] :
where E p =hω is the probe photon energy. In the case for the bulk GaAs, only the absorption process in GaAs contributes to η. However, in the case for the InAs/GaAs system, the efficient carrier trapping by the thin InAs layer will produce a large carrier density in the InAs layer, as presented in figure 3(c) ; therefore, great changes in the absorption coefficient and refractive index are expected.
To further establish the absorption formula in the InAs layer, we treat the thin InAs layer embedded in GaAs as a quantum well [16] . Then, the absorption in the InAs layer can be expressed as [15, 17] :
and
where E g is the ground energy level of the InAs layer (1.43 eV for a 1 ML InAs/GaAs sample according to PL measurement), and is a step function.
is a bandfilling factor. C is a constant involving material parameters and matrix elements between the Bloch functions at the band edges [15] . Using the above equations the changes of refractive index ( η) under different injection carrier densities in the InAs layer have been calculated. Figure 4 displays the calculated changes of the refractive index under different injection carrier densities in the InAs layer. It can be seen that the calculated refractive index decreases for the energies near and below E g and η becomes positive for the energies well above E g . This indicates that the high carrier density due to the efficient carrier trapping in InAs layer has a significant effect on the change of the refractive index even at the energy position well above the energy level of InAs. In other words, in the degenerate pump-probe measurement, although the probe energy is much higher than the energy level for the detection (InAs bandgap in our case), it can still sense the carrier dynamics at that detection energy. For example, for a carrier density of 1.3 × 10 18 cm −3 in the InAs layer, the change of the refractive index at energy position of 1.55 eV (the probe energy in figure 1 ) due to the efficient carrier trapping in the InAs layer is ∼0.06, which further results in the change of the reflectance of around 1%. This valve is comparable to that observed in the experiment. In order to further compare with the experimental results, we have calculated the derivative of the reflectance, R/R, using equation (7). The detailed derivation of the equation is given in the appendix
GaAs cos(2kd) (η 2 GaAs − 1)(η GaAs + η I nAs ) 2 η I nAs .
(7) Equation (7) clearly indicates that there are two contributions to the change of the reflectance. The first term, that gives rise to the sharp peak near zero delay in the transient reflectance, is the contribution from the GaAs matrix. The second term corresponds to the contribution from the InAs layer, which induces the additional peak in the transient reflectance. Using the same parameters as in the previous calculation, we have calculated the derivative of the reflectance for the two samples. The results are shown in the left side of figure 1. It is found that the model calculation and the experiments are in surprisingly good agreement, considering the approximations used in the deriving the model. We therefore conclude that the dramatic change of the carrier density in InAs layer can indeed produce a significant change of the reflectivity well above the InAs energy level.
In conclusion, we have investigated the carrier capture process in the InAs/GaAs thin layers by a degenerate pump-probe technique. By analysing the carrier dynamics based on the rate equations and the change of the refractive index due to the efficient carrier capturing using the Kramers-Kronig relation, the carrier capture process in InAs/GaAs system is well simulated. Our results indicate that this simple technique, with the clear advantage of being easy to carry out, can be very useful in studying the carrier dynamics for some specific structures, such as InAs ultrathin layers embedded in a GaAs matrix described here, although it is usually thought the interpretation of such an experiment is quite complex.
